The insecticide acetamiprid is used to control noxious agricultural pests. However, it can cause mammalian toxicity. We evaluated the reproductive toxicity of acetamiprid in adult male Sprague Dawley rats. Rats were given oral acetamiprid alone or with vitamin E for 35 days. Rat plasma testosterone concentration and sperm quality decreased significantly as the levels of luteinizing hormone (LH) increased after exposure. At the same time, acetamiprid increased malondialdehyde and nitric oxide (NO) levels of Leydig cells. Further analysis showed that acetamiprid reduced the adenosine triphosphate (ATP) and cyclic adenosine monophosphate (cAMP) production of Leydig cells, but the expression of luteinizing hormone/choriogonadotropin receptor (LHCGR) and the activity of adenylyl cyclase were not changed. Acetamiprid exposure also significantly diminished protein levels of steroidogenic acute regulatory protein (STAR), hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase cluster (HSD3B), and cytochrome P450, family 11, subfamily a, polypeptide 1 (CYP11A1), and testicular mRNA levels, which are cAMP-dependent proteins that are essential for steroidogenesis. Electron microscopy indicated mitochondrial membrane damage in the Leydig cells of the testes of exposed rats. Vitamin E ameliorated the impairment of acetamiprid on Leydig cells. Our results indicate that acetamiprid causes oxidative stress and mitochondrial damage in Leydig cells and inhibits the synthesis of testicular ATP and cAMP. Acetamiprid disrupts subsequent testosterone biosynthesis by decreasing the rate of conversion of cholesterol to Acetamiprid inhibits testosterone synthesis in rats, 2017, Vol. 96, No. 1 255 testosterone and by preventing cholesterol from entering the mitochondria within the Leydig cells. These effects caused reproductive damage to the rats.
Introduction
With the improvement of social industrialization level, the reproductive capacity of males has been gradually declining [1] . Infertility affects 13%-18% of couples, and increasing amounts of evidence from both epidemiological and clinical studies suggest that the incidence of male reproductive problems is increasing [1] . Male sterility has become a serious challenge of andrology; extensive use of pesticides is an important factor responsible for the impairment [2] . Disorder of the reproductive system reduced by pesticides has been in the center of attention within the recent decades [3] .
The insecticide acetamiprid is relatively new. It has been used to kill leipidoptera and hemiptera, such as aphids on crops such as fruits, vegetables, and tea [4] . It is a recently developed neonicotinoid insecticide. Insecticides from this category have seen widespread use in several parts of the world because of their high activity against insects and other pests [4] . However, because of their persistence and water solubility and the sheer volume of use, they tend to linger in the environment even when used in very small amounts. Acetamiprid and its metabolites can end up in the water system, which may pose a threat to human health and to the environment [5] .
Because acetamiprid has a neurotoxic mode of action, early studies mainly focused on its acute toxicity to the mammalian nervous system. Park et al. reported that inhalation of acetamiprid can cause dizziness, headaches, vomiting, and nausea [6] . Acetamiprid can have damaging effects on other body systems. Green et al. [7] found that long-term exposure to high doses of acetamiprid caused rib malformations in fetal mice and breast cancer in adult mice. In vitro, acetamiprid can stimulate mutagenesis in human peripheral lymphocytes, and cause synergistic mutagenesis in the presence of alpha-cypermethrin [8] .
Exposure to insecticides can produce deleterious effects on male reproduction [9] . Male reproductive disorders caused by pesticides are associated with excessive production of reactive oxygen species (ROS) in the testes [10] , aggravated Leydig cell injuries, and lowered plasma testosterone levels [11] . Acetamiprid can cause male reproductive toxicity through similar mechanisms. Zhang et al. reported that acetamiprid can increase the concentration of ROS in the testes significantly [12] . This also decreased the overall weight of the testosterone-responsive organs, the concentration of serum testosterone, and sperm quality [12] . Zhang et al. concluded that acetamiprid is detrimental to male reproductive function and that the mechanism involves oxidative stress in the testes. Zhang et al. analyzed the mechanism by which acetamiprid abnormally increased the ROS level in mouse testes, and found that this was mainly due to acetamiprid inhibiting antioxidant enzyme (including catalase, glutathione peroxidase, superoxide dismutase) activity in the mouse testes [12] . However, the mechanism by which the increased ROS in testes, induced by acetamiprid, causes male mouse reproductive damage remains unclear.
There are few reports on the residual environmental levels of acetamiprid. One study reported the maximum residual levels of acetamiprid in watermelon and soil in Beijing and Shandong Provinces to be 0.01 and 0.3 mg/kg, respectively [13] . This shows that acetamiprid residues can remain in the environment and in food, and these residues have the potential to accumulate in the human body and affect human health.
Testosterone is the body's major androgen. Its action on cells of the male reproductive system is essential for spermatogenesis and the maturation of spermatogonia to spermatozoa. Disrupting testosterone production may affect male reproductive functionality [14, 15] . However, the specific effects of acetamiprid exposure on the testes, particularly its effect on testosterone synthesis, have not been studied extensively.
Many studies have indicated that the cyclic adenosine monophosphate (cAMP )/protein kinase A signaling pathways are the major signaling mechanisms of steroidogenesis [16] , and we hypothesized that testes ROS caused by acetamiprid maybe inhibited the signal pathway and reduced testosterone secretion. This study focused on the effects of acetamiprid on the cellular and molecular processes involved in steroidogenesis and signaling pathways in the testes, and how these changes may lead to inhibition of testosterone synthesis and affect male reproduction.
The influence of acetamiprid on male testosterone secretion was studied using a subacute exposure experiment on male rats [17] . The results provide insight into the mechanism underlying the male reproductive toxicity of acetamiprid.
Materials and methods

Experimental animals and protocol
Male Sprague Dawley (SD) rats were provided by Laboratory Animal Center of the Third Military Medical University, China. The SD rats were 5 weeks old when initially treated. These animals were allowed to adjust to laboratory conditions before the experiments and they were kept in a standard animal facility at a controlled temperature (22 • C), photoperiod (12 h light/12 h dark), and relative humidity (50%-60%), with access to water and food pellets ad libitum. All animal treatment procedures were approved by the Animal Care Committee of Zunyi Medical College. Yamada et al. reported that the no observed adverse effect level and the oral lethal dosage 50 (LD 50 ) of acetamiprid for male SD rats were 7.1 and 217 mg/kg, respectively [18] . As determined in previous studies and preliminary tests, 10 and 30 mg/kg body weight were selected as the low and the high doses of acetamiprid exposure for the SD rats in this study [12, 17] . Eighty adult male rats were randomly divided into four groups (n = 20 per group, 10 rats were used for cytological analysis, and 10 rats were used for other analysis). Doses were determined based on body weight, which was similar in all groups. Acetamiprid was obtained from the standard material center of China (Beijing, China). It was administered periorally daily for 35 days. Both acetamiprid and the accompanying vitamin E (Sigma, Munich, Germany) were dissolved in peanut oil (0.5 mL) and administered by gavage. The test animals were divided into the following groups: (I) control group (CG): 0.5 mL peanut oil, (II) low-dose group (LG), 10 mg/kg acetamiprid; (III) high-dose group (HG): 30 mg/kg acetamiprid; (IV) 30 mg/kg acetamiprid + 20 mg/kg vitamin E group (VEG). On day 36, all rats were anesthetized with halothane and killed by aseptically severing the blood vessels of the neck.
Sperm count, and motility analysis
The cauda epididymis was chopped into small pieces and incubated in Ham's F-12 medium supplemented with 0.1% bovine serum albumin (BSA) at 37
• C. An optical microscope was used to analyze the sperm suspension after incubation. The number of sperm was determined using guidelines set by the World Health Organization (WHO, 2010). Sperm motility was assessed using WHO guidelines as follows: A, rapid progressive motility; B, slow progressive motility; C, nonprogressive motility; or D, immotility.
Histological analysis and testicular electron microscopy
Tissue samples from the testes were fixed in 10% formalin and embedded in paraffin. They were then sectioned and examined using hematoxylin and eosin staining. Histopathology was performed using 100 randomly selected seminiferous tubules per testis. Every sample was observed by a single investigator.
The changes in Leydig cell number were assessed using immunofluorescence of paraffin sections of testes. Testes sections were dewaxed using xylene (10 min), and hydrated in an ethanol gradient (100%, 95%, and 75%, for 5 min in each of three successive concentrations). The antigens were repaired using a microwave oven for 15 min at 90
• C, cooled at room temperature, and further subjected to immunofluorescence. Primary antibody (goat anti-rat HSD3B antibody) was incubated overnight at 4
• C and the secondary antibody (Alexa Fluor -labeled donkey anti-goat antibody) was incubated for 1 h at room temperature [19, 20] . The antibodies that were used in this study are listed in were taken under electron microscopy, and the mitochondria in each image were counted. The mitochondrial damage rate is defined as the relative number of the mitochondria with disrupted cristae divided by the total number of mitochondria observed.
Blood sampling and hormone analysis
Samples of rat blood were taken with a 1 mm syringe through the eye socket with the subject under anesthesia. Blood samples were centrifuged for 5 min at 800 × g. Serum samples were stored at -80
• C until needed for analysis. Serum hormone concentrations were assayed using a 125 I-testosterone radioimmunoassay kit (China Institute of Atomic Energy, Beijing, China) and an luteinizing hormone (LH) ELISA kits (Endocrine Technologies, Newark), in accordance with the manufacturer's instructions.
Isolation and identification of Leydig cells in testes
Leydig cells were isolated using Percoll density gradient centrifugation as described by Niedziela and Lerchl [22] . Briefly, decapsulated rat testes were incubated for 30 min at 34
• C with gentle stirring in 10 mL Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 0.1% BSA, 100 U/ml penicillin, 100 μg/mL streptomycin, and 0.5 mg/mL collagenase. The resulting solution was filtered through a 70 μm cell strainer. Centrifugation was performed at 800 ×g for 30 min at 4
• C using a discontinuous density gradient of Percoll (20%, 30%, and 60%). Leydig cells formed a distinct band between the 30% and 60% layers, and these cells were centrifuged and washed using PBS and DMEM/F12, separately. For identification of Leydig cells isolated from testes, cells were plated on poly-D-lysine-coated coverslips and cultured for 24 h at 34
• C. Cells were then fixed on ice, blocked using 5% horse serum, and probed with goat anti-rat HSD3B antibody [19] followed by Alexa Fluor-labeled donkey anti-goat antibody [20] . The nucleus was counterstained with 2 μM DAPI for 5 min. Cells were then viewed under a fluorescent microscope, and various fields were viewed to determine the number of HSD3B-stained and unstained cells. Leydig cells in the interstitial area displayed green and blue fluorescence at different excitation wavelengths (488 and 360 nm, To assess the ATP levels of Leydig cells, cells were initially treated as noted above and the supernatant was obtained. The protein concentrations of the supernatant samples were analyzed by microBCA protein assay (Sigma). ATP levels in Leydig cells were assayed using an ATP bioluminescent assay kit (Beyotime Technology, Beijing, China) according to the manufacturer's instructions. Light intensities of the samples were determined using a luminometer (Lumat 9506, EG&G Berthold, Alliquippa, PA). ATP levels in Leydig cells were assessed using linear regression analysis with GraphPad Instat (version 3.0, Inc., San Diego, CA). ATP concentrations were expressed as nmol/mg protein.
Oxidative stress assays of Leydig cells
Leydig cell samples were collected as described above. The extracted samples were prepared and used to determine the concentrations of malondialdehyde (MDA) and NO using a MDA assay kit (Enzyme-linked Biotechnology, Shanghai, China) and a NO assay kit (Enzyme-linked Biotechnology, Shanghai, China) according to the manufacturer's instructions.
Analysis of acetamiprid residues in blood and testes
Biotree Biotech Co., Ltd (Shanghai, China) analyzed the acetamiprid residues in samples. Briefly, testes samples (100 mg) and serum samples (200 μL) were transferred into 2 mL EP tubes containing 200 μL water and 800 μL methanol: acetonitrile (1:1). Samples were homogenized and ultrasonically extracted for 5 min (repeated three times) and centrifuged for 10 min at 12,000 rpm, 4
• C. Supernatant was filtered (0.22 μm pore size) and analyzed using ultrahigh-performance liquid chromatography (UPLC) coupled to a triple quadrupole mass spectrometer (QQQ-MS/MS) with a C18 column. Standard concentrations of acetamiprid were prepared, and a standard curve was generated. The concentrations of acetamiprid residues in the blood and testes samples were determined by linear regression analysis.
Real-time quantitative PCR analysis
The mRNA levels of several important carrier proteins, receptors, and enzymes involved in the testicular biosynthetic pathway of testosterone, including Lhcgr, Star, Cyp11a1, and Hsd3b, were determined. Total RNA was extracted from the left testis of rats exposed to acetamiprid or vehicle alone using an RNeasy Mini kit (TaKaRa Biotechnology, Dalian, China). One microgram of total RNA was reverse-transcribed into cDNA in a 20 μl reaction solution that contained oligo (dT) 20 primers and SuperScript III reverse transcriptase using the manufacturer's instructions (TaKaRa Biotechnology). The primers were designed by TaKaRa Biotechnology Co., Ltd ( Table 2) . Real-time quantitative PCR was performed in a 96-well plate with an ABI PRISM 7000 Sequence Detection System (Applied Biosystems). Reactions were allowed to proceed in 25 μL volume containing 1×SYBR Green Master Mix (Applied Biosystems) and 100 nM each of forward and reverse primer. The reactions were allowed to proceed for 50 cycles (denaturation for 15 s at 95
• C, annealing and extension for 1 min at 60
• C) after an initial 2-min enzyme activation step at 50
• C and 10 min of incubation at 95
Beta-actin (Actb) served as a housekeeping gene for data analysis. All mRNA expression levels were normalized to those of Actb mRNA.
Western blot analysis
The samples of testicular tissue were homogenized in lysis buffer and then centrifuged for 15 min at 15,000 × g. Protein concentrations were assessed by the microBCA assay (Sigma). Protein samples were denatured, subjected to SDS-PAGE, blotted onto polyvinylidene difluoride membranes, and blocked in 5% powdered nonfat milk in Dulbecco's PBS for 2 h. The membranes were then incubated with antibodies against LHCGR [23] , STAR [24] , CYP11A1 [23] , HSD3B [19] , or ACTB [25] overnight at 4
• C. The antibodies that were used in this study are listed in Table 1 . The membranes were washed three times in Tris-buffered saline containing 0.1% Tween 20. They were then incubated for 2 h with horseradish-peroxidaseconjugated anti-rabbit IgG and visualized using electrochemiluminescence. The developed films were scanned. The intensities of the bands were determined using the National Institutes of Health Scion Image Program. Data are presented as mean ± SEM. * P < 0.05, * * P < 0.01 compared with the CG. # P < 0.05 compared with the 30 mg/kg acetamiprid group. n = 10 in each group.
Figure 1.
Acetamiprid affects plasma hormone levels in rats. Data are presented as mean ± SEM. * P < 0.05, * * P < 0.01 relative to the control group. # P < 0.05 relative to the 30 mg/kg acetamiprid group. n = 10 in each group.
Statistical analysis
All data are reported as means ± SEM. Statistical analyses were performed using SPSS (Version 18.0; SPSS Inc, Chicago, IL). Data were analyzed using one-way ANOVA, and the Duncan multiple comparison tests were carried out for multiple comparisons. Probabilities of P < 0.05 and P < 0.01 were considered statistically significant and highly significant, respectively.
Results
Changes in body weight and reproductive organ weight
A 35-day regimen of oral exposure to acetamiprid was toxic to rats. Overall body weight and testicular weight are shown in Table 3 . The body weights and the testicular weights of the acetamiprid exposure groups were significantly lower than the controls (P < 0.05 or P < 0.01, Table 3 ). Co-administering high-dose acetamiprid with vitamin E significantly ameliorated the effect of acetamiprid on these two indices (P < 0.05, Table 3 ).
Epididymal sperm output and motility
The sperm counts of the acetamiprid exposure groups were significantly lower than counts in the control group (P < 0.05, Table 3 ), but vitamin E prevented this effect of acetamiprid (P < 0.05, Table 3 ). The sperm motility of the high-dose group was significantly lower than in the control group (P < 0.05, Table 3 ). Sperm motility showed a nonsignificant increase after co-administering high-dose acetamiprid with vitamin E (P > 0.05, Table 3 ).
Plasma hormone levels
Plasma testosterone concentrations of the high-dose group were significantly lower than the control group (P < 0.01, Figure 1 ), and plasma LH levels increased in the high-dose rats (P < 0.01, Figure 1 ). Co-administering a high dose of acetamiprid with vitamin E inhibited the effect of acetamiprid on plasma hormone (P < 0.05, Figure 1 ).
Effect of acetamiprid on oxidative stress of Leydig cells
At 10 and 30 mg/kg doses, acetamiprid significantly increased both NO and MDA levels (P < 0.01, Table 4 ), but co-administering a high-dose acetamiprid with vitamin E reduced these changes (P < 0.05, Table 4 ).
Acetamiprid residues in blood and testes
Acetamiprid was not detected in the testes or blood of the control group. Acetamiprid residues were found in the testes and blood of the acetamiprid exposure groups (P < 0.05, Figure 2 ). Co-administering a high dose of acetamiprid with vitamin E had no effect on the acetamiprid residues in the blood and testes (P > 0.05, Figure 2 ). This suggests that vitamin E does not affect acetamiprid metabolism in the rat.
Purity of isolated Leydig cells
Leydig cells play a central role in the biosynthesis of steroid hormones and HSD3B is a marker for these cells. DAPI is a fluorochrome that can stain the cell nucleus. Leydig cells were bound with the HSD3B antibody, labeled with Alexa Fluor, and counterstained with DAPI. They displayed green and blue fluorescence at different excitation wavelengths (488 and 360 nm, respectively) under fluorescence microscopy. In this study, the purity of Leydig cells was 85.63 ± 7.68% ( Figure 3 ).
Adenylyl cyclase activity, cAMP, and ATP level of Leydig cells, testicular mRNA and protein levels of LHCGR There were no significant differences in ADCY activity of Leydig cells (P > 0.05, Figure 4A ) or in testicular LHCGR protein or mRNA levels among the four groups (P > 0.05, Figures 5 and 6 ). However, the acetamiprid-exposed rats had significantly lower cAMP and ATP levels of Leydig cells than the control group (P < 0.05 or P < 0.01, Figure 4B and C). These differences were prevented by coadministering high-dose acetamiprid with vitamin E (P < 0.05, Figure 4B and C).
Testicular mRNA and protein levels of STAR, and testosterone synthetic enzymes
Acetamiprid was found to be closely associated with decreased testicular STAR, HSD3B, and CYP11A1 protein and mRNA levels (P < 0.05 or P < 0.01, Figures 5 and 6 ). Model rats co-administering high-dose acetamiprid with vitamin E showed significantly higher testicular STAR protein and mRNA levels and levels of testosterone synthetic enzymes than the high-dose acetamiprid group (P < 0.05, Figures 5 and 6 ).
Histopathological effects on testis
Light microscopy of testes from the control group indicated several stages of spermatogenesis. Both Leydig cells and spermatozoa were abundant in the interstitial area and seminiferous tubules ( Figures 7A  and 8A ). As the concentration of acetamiprid increased, the number of spermatids in the seminiferous tubules and interstitial Leydig cells decreased (P < 0.05, Figures 7B, 8B and 9A) . Sloughing of the cells was also observed (Figure 7B, arrow) . At the high dose, seminiferous tubules were severely impaired and had vacuolization. In part of the seminiferous tubules, only primary spermatocytes were observed and no spermatids were detectable. The number of interstitial Leydig cells decreased significantly (P < 0.01, Figures 7C, 8C and 9A ). Rat testicular Lhcgr, Star, and testosterone biosynthetic enzymes mRNA levels after oral administration of acetamiprid. Data are presented as mean ± SEM. * P < 0.05, * * P < 0.01 relative to the control group. # P < 0.05 relative to the 30 mg/kg acetamiprid group. n = 10 in each group.
Co-administering acetamiprid with vitamin E appeared to prevent these effects. Several types of spermatocytes and spermatids were observed in the seminiferous tubules of rats receiving a high-dose acetamiprid along with vitamin E, and there were more spermatids and interstitial Leydig cells in the seminiferous tubules of these rats (P < 0.05, Figures 7D, 8D and 9A) . The ultrastructural characteristics of mitochondria in Leydig cells were established. All groups showed high mitochondrial magnification profiles in Leydig cells (Figure 10 ). Mitochondrial cristae in the control group were intact, but a small number of the mitochondria showed damage that may be related to cell metabolism ( Figures 9B and 10A ). In the lower dose group, partial mitochondrial cristae fractured, spacing of the cristae increased, indicating the inner membrane was impaired ( Figures 9B and 10B) . Unlike control rats ( Figure 10A ), considerable damage occurred in the high-dose group (Figures 9B and 10C) . The inner membranes were disrupted and the cristae were absent. The outer membrane was very thin and, in places, fused with the inner membrane ( Figure 10C ). The mitochondrial damage rate of Leydig cells increased with the acetamiprid dose ( Figure 9B ; P < 0.05, or P < 0.01). Co-administering a highdose acetamiprid with vitamin E appeared to prevent the damage symptoms related to acetamiprid exposure (P < 0.05, Figures 9B  and 10D ).
Discussion
The results demonstrated that repeated oral administration of acetamiprid to male rats caused acetamiprid to accumulate in the body, and this has the potential to disrupt reproductive function. The reproductive damage was associated with significant decreases in epididymal sperm count and motility and in reduced plasma testosterone levels.
The mechanism by which pesticides reduce serum testosterone levels is important. Testosterone plays a clear and vital role in Figure 6 . Rat testicular LHCGR, STAR, and testosterone biosynthetic enzymes protein levels after oral administration of acetamiprid. Data are presented as mean ± SEM.
* P < 0.05, * * P < 0.01 relative to the control group. # P < 0.05 relative to the 30 mg/kg acetamiprid group. n = 10 in each group. spermatogenesis [26, 27] . The decreased serum and intratesticular testosterone concentrations are associated with fewer pachytene spermatocytes and fewer round spermatids and the underlying mechanism may involve increasing germ cell apoptosis at all stages [28] . Ciarrocca et al. [29] reported that the production of testosterone can be inhibited by some environmental toxicants or endocrine disruptors. We hypothesized that, after exposure to acetamiprid, the decreased plasma testosterone concentration in rats would lead to a decreased sperm number and motility. Similar results have been reported in male rats exposed to cypermethrin, fenvalerate, and other synthetic pyrethroids [30, 31] . However, there is a dearth of information regarding the molecular mechanisms underlying interference with testosterone biosynthesis after acetamiprid exposure. Cholesterol is converted to testosterone in Leydig cells. According to previous studies, testosterone production is closely associated with the number of Leydig cells in the testes [32, 33] . Agreement with these suggestions, in our experiment, compared with normal diet-fed rats, acetamiprid-fed rats had fewer Leydig cells, which may be contributed to the reduction in testosterone biosynthesis. The biosynthesis of testosterone is regulated by LH, which is secreted from the pituitary gland. Luteinizing hormone exerts its effects through binding to its receptor. We found that exposure of acetamiprid can cause low plasma testosterone and elevated LH level, which imply that the increase of LH secretion from the pituitary may be a result of the low level of testosterone caused by the normal negative feedback from the hypothalamus-pituitary axis.
In addition, it has been recognized that the LH receptor couples to GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (GNAS, previously known as Gs protein, alpha chain) and activates adenylyl cyclase and also increases cAMP production, which is the main pathway regulating steroidogenesis [27, 34, 35] . We noticed that LHCGR and ADCY activity did not change quantitatively after acetamiprid treatment, but ATP and cAMP production decreased in Leydig cells. It seems that the LHCGR and ADCY activity of Leydig cells are not involved in acetamiprid-induced reduction in testosterone biosynthesis. For this reason, we speculate that the reduction in cAMP most likely results from decreased ATP level, because cAMP is synthesized from ATP under the catalysis of ADCY. In addition, whether the expression level of GNAS and the hydrolysis level of cAMP (which is related to phosphodiesterase activity) can affect the cAMP content of Leydig cells after acetamiprid exposure is unclear and needs further study.
ATP is mainly produced by oxidative phosphorylation during electron transfer process of the mitochondrial respiratory chain [36] . Under normal circumstances, mitochondrial outer membrane is hyperpermeability and the permeability of inner membrane is relatively low. The low permeability of inner membrane and the electrochemical proton gradient are the basis of maintaining the normal level of membrane potential [36] . ROS may cause the mitochondrial permeability transition pores in the inner mitochondrial membrane to open, which leads directly to the decrease or loss of membrane potential, and result in obstruction of ATP synthesis and activation of the downstream apoptotic signaling pathway [37, 38] . In our study, increased acetamiprid dosage led to increased residues in blood and testes. The ROS level of Leydig cells and the damage to the mitochondria inner membrane in Leydig cells also increased. After co-administering a high-dose acetamiprid with vitamin E, a common antioxidant, the acetamiprid residues in rat blood and testes were not affected, but the ROS level and the damage to the mitochondrial inner membrane in Leydig cells were less than that of high-dose acetamiprid-fed rats. Therefore, we hypothesized that the decrease of ATP synthesis of Leydig cells was mainly caused by mitochondrial dysfunction.
Cyclic AMP is involved in the control of steroidogenesis in Leydig cells in two principal ways: cAMP acutely stimulates testosterone biosynthesis by mobilizing and transporting cholesterol into the steroidogenic pathway [38] . Hiroi et al. reported the transfer of cholesterol to the inner membrane of the mitochondria to be cAMP dependent and to require the action of the STAR [39] . Cyclic AMP also stimulates chronic and prolonged expression of genes encoding steroidogenic enzymes and upregulates their activity [40] . Once in the mitochondrion, cholesterol is converted to pregnenolone via the action of CYP11A1, which is located on the inner face of the inner matrix membrane of the mitochondria. Pregnenolone diffuses to the smooth endoplasmic reticulum, at which point it is converted to progesterone by HSD3B. Progesterone is further catalyzed by other enzymes and eventually converted to testosterone.
Bello et al. found that di (n-butyl) phthalate exposure to adult male Japanese quails resulted in decrease of Cyp11a1 and Hsd3b mRNA [41] . Mani et al. showed that fenvalerate exposure in rats caused significant decreases in testicular weight, epididymal sperm count, and sperm motility [31] . There was also a decrease in STAR and testicular enzymes involved in testosterone biosynthesis [31] . This study also showed that administration of acetamiprid could reduce the expression of testicular CYP11A1, STAR, and HSD3B profoundly at both the protein and mRNA levels. Collectively, these results suggest that impaired testosterone synthesis might be attributable at least in part to the decreased expression of testosterone synthetic enzymes and testicular STAR. Furthermore, mitochondrial damage and reduction in testicular cAMP level may be implicated in this pathological process.
In summary, the testosterone synthesis disorder caused by acetamiprid was mainly related to an abnormal increase of ROS and mitochondrial damage in Leydig cells. Clearing excess ROS in rat testicular Leydig cells after exposure to acetamiprid may be helpful to increase testosterone synthesis in the Leydig cells. Alphatocopherol (vitamin E), an effective peroxyl radical scavenger, is a chain-breaking antioxidant (breaking lipid peroxidation chain reaction) that prevents free radical propagation in membranes, and protect membrane lipids from oxidative damage [42, 43] . The peroxyl radical reacts with the hydroxyl group of tocopherol, forming the tocopheryl radical (Vit E-O·) and the corresponding lipid hydroperoxide. The tocopheryl radical (Vit E-O·) reacts with hydrogen donors (e.g., vitamin C), oxidizing the latter and returning to the reduced state of vitamin E [44] . A new reaction cycle starts, and the membranes have been protected.
Similar to the general cell membrane, the inner and outer membrane of the mitochondria are also composed of phospholipid bilayers [45] . We suspected that vitamin E would also have a protective effect on the mitochondria lipid membrane. Our results showed that co-administering a high-dose acetamiprid with vitamin E inhibited the effect of acetamiprid on mitochondrial membrane damage (Figures 9 and 10 ). Rat plasma testosterone and semen quality were also improved ( Figure 1, Table 3 ). Therefore, we conclude that vitamin E may help prevent mitochondrial membrane damage in testicular Leydig cells and alleviate male reproductive damage caused by pesticides such as acetamiprid. A proper amount of vitamin E may have a protective effect on human reproductive health, especially for workers with occupational exposures such as pesticide manufacture and pesticide application.
Conclusions
We demonstrated that acetamiprid can affect mitochondria function and the ATP production of Leydig cells. This resulted in the downregulation of cAMP production and cAMP-dependent steroidogenic gene expression, as well as the cAMP-controlled cholesterol transport in rat Leydig cells. Leydig cell testosterone synthesis was inhibited in acetamiprid-fed rats, leading to disturbance of their reproductive function. We showed that vitamin E could reduce the mitochondrial damage caused by acetamiprid suggesting that mitochondrial damage of Leydig cells may be related to an increase of ROS. However, in Leydig cells, the specific molecular mechanism of ROS-induced mitochondrial damage requires further study.
